The Source Production & Equipment Co. (SPEC) model M-15 is a new brachytherapy source model intended for use as a temporary high-dose-rate (HDR) brachytherapy source for the Nucletron microSelectron Classic afterloading system. The purpose of this study is to characterize this HDR source for clinical application by obtaining a complete set of Monte Carlo calculated dosimetric parameters for the M-15, as recommended by AAPM and ESTRO, for isotopes with average energies greater than 50 keV. This was accomplished by using the MCNP6 Monte Carlo code to simulate the resulting source dosimetry at various points within a pseudoinfinite water phantom. These dosimetric values next were converted into the AAPM and ESTRO dosimetry parameters and the respective statistical uncertainty in each parameter also calculated and presented. The M-15 source was modeled in an MCNP6 Monte Carlo environment using the physical source specifications provided by the manufacturer. Iridium-192 photons were uniformly generated inside the iridium core of the model M-15 with photon and secondary electron transport replicated using photoatomic cross-sectional tables supplied with MCNP6. Simulations were performed for both water and air/vacuum computer models with a total of 4 × 10 9 sources photon history for each simulation and the in-air photon spectrum filtered to remove low-energy photons below δ = 10 keV. Dosimetric data, including D · (r,θ), g L (r), F(r,θ), φ an (r), and φ -an , and their statistical uncertainty were calculated from the output of an MCNP model consisting of an M-15 source placed at the center of a spherical water phantom of 100 cm diameter. The air kerma strength in free space, S K , and dose rate constant, Λ, also was computed from a MCNP model with M-15 Iridium-192 source, was centered at the origin of an evacuated phantom in which a critical volume containing air at STP was added 100 cm from the source center. The reference dose rate, D · (r 0 ,θ 0 ) ≡ D · (1cm,π/2), is found to be 4.038 ± 0.064 cGy mCi -1 h -1 . The air kerma strength, S K , is reported to be 3.632 ± 0.086 cGy cm 2 mCi -1 g -1 , and the dose rate constant, Λ, is calculated to be 1.112 ± 0.029 cGy h -1 U -1 . The normalized dose rate, radial dose function, and anisotropy function with their uncertainties were computed and are represented in both tabular and graphical format in the report. A dosimetric study was performed of the new M-15 Iridium-192 HDR brachytherapy source using the MCNP6 radiation transport code. Dosimetric parameters, including the dose-rate constant, radial dose function, and anisotropy function, were calculated in accordance with the updated AAPM and ESTRO dosimetric parameters for brachytherapy sources of average energy greater than 50 keV. These data therefore may be applied toward the development of a treatment planning program and for clinical use of the source. 
Received 13 August, 2014; accepted 16 January, 2015
The Source Production & Equipment Co. (SPEC) model M-15 is a new Iridium-192 brachytherapy source model intended for use as a temporary high-dose-rate (HDR) brachytherapy source for the Nucletron microSelectron Classic afterloading system. The purpose of this study is to characterize this HDR source for clinical application by obtaining a complete set of Monte Carlo calculated dosimetric parameters for the M-15, as recommended by AAPM and ESTRO, for isotopes with average energies greater than 50 keV. This was accomplished by using the MCNP6 Monte Carlo code to simulate the resulting source dosimetry at various points within a pseudoinfinite water phantom. These dosimetric values next were converted into the AAPM and ESTRO dosimetry parameters and the respective statistical uncertainty in each parameter also calculated and presented. The M-15 source was modeled in an MCNP6 Monte Carlo environment using the physical source specifications provided by the manufacturer. Iridium-192 photons were uniformly generated inside the iridium core of the model M-15 with photon and secondary electron transport replicated using photoatomic cross-sectional tables supplied with MCNP6. Simulations were performed for both water and air/vacuum computer models with a total of 4 × 10 9 sources photon history for each simulation and the in-air photon spectrum filtered to remove low-energy photons below δ = 10 keV. Dosimetric data, including D · (r,θ), g L (r), F(r,θ), φ an (r), and φ -an , and their statistical uncertainty were calculated from the output of an MCNP model consisting of an M-15 source placed at the center of a spherical water phantom of 100 cm diameter. The air kerma strength in free space, S K , and dose rate constant, Λ, also was computed from a MCNP model with M-15 Iridium-192 source, was centered at the origin of an evacuated phantom in which a critical volume containing air at STP was added 100 cm from the source center. The reference dose rate, D · (r 0 ,θ 0 ) ≡ D · (1cm,π/2), is found to be 4.038 ± 0.064 cGy mCi -1 h -1 . The air kerma strength, S K , is reported to be 3.632 ± 0.086 cGy cm 2 mCi -1 g -1 , and the dose rate constant, Λ, is calculated to be 1.112 ± 0.029 cGy h -1 U -1 . The normalized dose rate, radial dose function, and anisotropy function with their uncertainties were computed and are represented in both tabular and graphical format in the report. A dosimetric study was performed of the new M-15 Iridium-192 HDR brachytherapy source using the MCNP6 radiation transport code. Dosimetric parameters, including the dose-rate constant, radial dose function, and anisotropy function, were calculated in accordance with the updated AAPM and ESTRO dosimetric parameters for brachytherapy sources of average energy greater than 50 keV. These data therefore may be applied toward the development of a treatment planning program and for clinical use of the source.
I. INTRODUCTION
Iridium-192 is a standard high-dose-rate brachytherapy isotope that has been well studied and tested for clinical treatments of lung, esophageal, prostate, cervical, coronary, and other diseases. (1) (2) (3) (4) (5) Source Production & Equipment Co. (SPEC) has developed a new Iridium-192 high-dose-rate brachytherapy source model, the M-15, for use in temporary high-dose-rate (HDR) brachytherapy. This model was designed to be an alternative replacement source for the Nucletron microSelectron Classic HDR afterloading system, since Nucletron no longer manufactures replacement sources for that system. In accordance with the recommendation of the AAPM and ESTRO for brachytherapy sources with average energies greater than 50 keV (6) and in accordance with the updated AAPM Task Group Report No. 43 (TG-43U1), (7) this report performed a complete series of Monte Carlo simulations to obtain the dosimetric parameters of the model M-15 Iridium-192 brachytherapy source. This was achieved using the MCNP6 Monte Carlo code (8) to obtain dosimetric data in both water and air/vacuum modeled environments; the resulting data used to calculate source dosimetric parameters at one-degree increments from 0° to 10° and 170° to 180° and fivedegree increments from 10° to 170°, as recommended by AAPM and ESTRO. (6) The statistical uncertainties in each parameter also were calculated using the methods derived by Medich et al. (9) and are presented herein.
II. MATERIALS AND METHODS

A. Brachytherapy source geometry and composition
The methods employed in this investigation of the SPEC model M-15 source were similar to the methods used previously for the SPEC model M-19 Iridium-192 source. (10) To summarize, the M-15 source was modeled in an MCNP Monte Carlo environment using the physical source specifications provided by the manufacturer. In this case, the MCNP6 code was used to obtain these results. A graphical depiction of the M-15 schematic used in the Monte Carlo simulation is presented in Fig. 1 , with its corresponding physical parameters listed in Table 1 . The source construction was symmetric about the coaxial axis, but nonsymmetric about the traverse plane due to the addition of an attached source cable.
B. Monte Carlo calculation techniques
Radiation transport calculations were performed on a Windows-based (Microsoft, Redmond, WA) personal computer running the MCNP6 Monte Carlo computer code. (8) Iridium-192 photons were uniformly generated inside the iridium core of the model M-15 with photon and secondary electron transport replicated using default MCPLIB04 photoatomic cross-sectional tables supplied with MCNP6. Simulations were performed for both water and air/vacuum computer models with a total of 4 × 10 9 sources photon history for each simulation. All simulations were performed in the photon and electron transport mode (Mode: p,e in the MCNP code) so that both primary photons and resulting secondary electrons were properly transported. (11) The complete Iridium-192 photon spectrum, presented by Firestone and Ekström, (12) was used in these calculations and the total uncertainty in the spectrum, σ Iγ relative = 0.5%, calculated as an intensity-weighted average of the uncertainty in each spectral line also presented by Firestone and Ekström.
Dosimetric data, including D · (r,θ), g L (r), F(r,θ), φ an (r), and φ -an , and their statistical uncertainty (9) were calculated from the output of an MCNP computer model consisting of an M-15 source placed at the center of a spherical water phantom of 100 cm diameter; this diameter was chosen to approximate an infinite water phantom, allowing for full photon scattering conditions in the dosimetric regions of interest. (11, 13) Dosimetric data were calculated at radial distances ranging from 0.5 to 15 cm in half centimeter increments and over angles ranging from 0° to 180°, using the MCNP6 F6 energy deposition tally, R tally (r,θ), reported in units of MeV g -1 photon -1 .
The energy deposition tally output, R tally (r,θ), was multiplied by the Iridium-192 photon yield, I γ = 2.301 γ Bq -1 s -1 , to obtain the calculated dose deposited in the tally region per disintegration, D · (r,θ):
This result, expressed in units of MeV g -1 Bq -1 s -1 was converted into more conventional units through the relationship: 1 MeV g -1 Bq -1 s -1 = 2.13 × 10 3 cGy mCi -1 h -1 . (10) The air-kerma strength in free space, S K , was calculated using the methods described previously. (9) Briefly, the M-15 Iridium-192 source was centered at the origin of an evacuated phantom in which a critical volume containing air at STP was added 100 cm from the source center. The MCNP6 *F4 tally (Mev/cm 2 ) output from the air-kerma simulation was multiplied by the respective air mass-energy absorption coefficient, μ en /ρ (cm 2 /g), (14) to obtain the air kerma per source photon (MeV g -1 photon -1 ). Equivalence is assumed between the air mass-energy transfer coefficient and the air mass-energy absorption coefficient due to negligible radiative energy losses. (15) The X-ray cutoff energy, δ, was chosen to be δ = 10 keV; (9, 10) photons within the critical target with energies less than or equal to δ were removed from the final air-kerma rate calculation. Once filtered, air-kerma strength in free space is found by multiplying the square of the source to volume distance by the resulting air-kerma rate. 
III. RESULTS & DISCUSSION
A. Dose rate and normalized dose-rate distribution
The Monte Carlo tally output R tally (r,θ) at each point of interest in the water phantom is converted to the dose rate D · (r,θ) using Eq. (1). This dose rate corresponds to the updated AAPM TG-43 dose rate in water:
The absolute uncertainty in D · (r,θ) was calculated as the quadrature sum of the relative simulation uncertainty, the relative uncertainty in the cross section tables, and the relative uncertainty in the photon yield, as presented in Eq. (3):
The data were next corrected for the geometry effect by multiplying the dose rate, D · (r,θ),
by the radial distance squared, r 2 . The resulting dose rate is then normalized to the reference dose in water, D · (r 0 ,θ 0 ) = 4.038 ± 0.064 cGy mCi -1 h -1 , to obtain D · N (r,θ):
A graphical representation of the normalized dose rate is presented in Fig. 2 . The tabular representation is also presented in Table 2 , with the absolute uncertainty calculated using the equation: 
B. Geometry function, G L (r,θ)
The geometry function, G L (r,θ), accounting for the spatial distribution of radioactivity within the source, was calculated using the TG-43U1 approximation for a line source of length L and subtended angle β:
dose function, g L (r)
The radial dose function g L (r) of model M-15 Iridium-192, a geometry independent dosimetric parameter accounting for dose falloff on traverse plane due to photon scattering and attenuation, was calculated using the TG-43U1 formalism:
The radial dose function was computed for radial distances from 0.25 cm to 10 cm. The absolute uncertainty g L (r) was also computed using Eq. (8):
The resulting radial dose values are presented in Table 3 . For clinical implementation, these results were fit to a 5th order polynomial. As the TG-43U1 (7) recommended, polynomial fitting function is unreliable outside the distances for which data were obtained, a double exponential fit of the form g L (r) = C 1 ⋅ e µ 1 · r + C 2 ⋅ e µ 2 · r also is presented, since it better predicts the radial dose function outside our calculated data. (16) The resulting 5th order polynomial coefficients and the double exponential coefficients are presented in Table 4 . Graphical presentation of the computed results and fitted curves are presented in Fig. 3 . 4 1.29 × 10 -5 a 5 3.74 × 10 -7 Fig. 3 . Calculated M-15 radial dose function, g L (r), presented at distances between 0.5 and 10 cm. These data were fit to a 5th order polynomial, as recommended in TG-43U1, and fit to a double exponential function, as discussed by Furhang and Anderson, (16) for better accuracy when extrapolating outside of the measured data.
D. Anisotropy function, F(r,θ), φ an (r), and φ -an
The anisotropy function, F(r,θ) was calculated using the TG-43U1 equation:
The uncertainty in the anisotropy function, F(r,θ) was calculated using the equation derived by Medich et al.: (9) (10)
The results of these calculations are presented in Table 5 and Fig 4. The anisotropy factor, φ an (r) was also calculated using the formula:
The absolute uncertainty in φ an (r) was calculated (9) as:
These results are also presented in Table 5 for the radial distance from 0.5 cm to 10 cm. From this data, the anisotropy constant was calculated to be φ -an = 0.969 ± 0.007 by integrating φ an (r) between 1 cm and 10 cm using the weighting factor (9) w(r) = 1 r 2 10 r r=1 r 2 Σ Δ . The absolute uncertainty in φ -an was calculated using the equation: The air-kerma in free space, S k was reported to be 3.632 cGy cm 2 mCi -1 h -1 . The absolute uncertainty in S k was calculated to be σ S k absolute = 0.086 cGy cm 2 mCi -1 h -1 using the following equation: 
S k
From the above data, the dose rate constant can be calculated using: 
